This paper focuses on the analysis and compensation of thrust ripples in permanent magnet linear synchronous motors (PMLSM). The main drawback in PMLSMs is the presence of thrust ripples, which are mainly due to the interaction between the permanent magnets and armature slotted core. These thrust ripples reduce the performance of the drive system in high precision applications especially at low speeds. This paper analyzes thrust ripples using the discrete wavelet transform. These undesired thrust ripples are compensated by using an adaptive feed forward controller. It is observed that this novel controller reduces about 65 percent of the thrust ripples. An extensive simulation is performed through MATLAB and it is validated through experimental results using a d-SPACE system with a DS1104 control board.
I. INTRODUCTION
In today's highly competitive manufacturing environment, a lot of resources are being dedicated to developing a simple, efficient and optimal solutions for process automation and material handling processes. These days permanent magnet direct drive motors are becoming more and more popular in machine automation. The major advantages of permanent magnet linear motor drives are their gearless structure, excellent control characteristics such as high speed and acceleration and high motion precision, and better efficiency. PMLSM possess an important drawback in terms of thrust ripples due to the detent force which is mainly caused by the interaction between the permanent magnets and the armature slotted core and end effect [1] . In general, the end component of a machine is larger than the slot component [2] , [3] . The detent force is most sensitive to mover tooth width and stator tooth width variations. The detent force can be reduced to a great extent by optimizing the individual parameters of the motor and through global optimization using a genetic algorithm [4] .
The detent force is the major component of the thrust ripples which deteriorates the control characteristics of PMLSM at low speeds. The effects of the thrust ripple are particularly undesirable in some demanding motion control and machine tool applications. They lead to speed oscillations, which result in a deterioration in performance. The thrust ripples change periodically as the mover advances during its motion. The thrust ripples can be reduced by either machine designs [5] , [6] or control methods [7] , [8] . There are several methods traditionally used to minimize the tooth type detent force. These include skewing the magnets [9] , shaping the magnets [10] , and/or skewing the slots in the laminations. The effectiveness of skewing depends largely on the axial variation of the thrust ripple phase but less on its magnitude, and the no load torque ripple cannot be fully eliminated by skewing [11] .
All of these methods reduce cogging by intentionally misaligning the laminations teeth from one magnet to the next. However, this also reduces the motor's thrust output and efficiency. Due to the direct drive nature of linear motors, there are no intermediate mechanical components or gear reductions to absorb external disturbances. As a result, the disturbances due to thrust ripples have a greater impact in PMLSMs. To obtain accurate tracking in high performance position control systems, it is necessary to have a controller to compensate the nonlinear force disturbance caused by detent and frictional forces.
The basic goal of this paper is to control current so that the thrust ripple is cancelled out. The thrust ripples are measured experimentally. It is observed that the thrust ripple due to detent thrust, exhibits a periodic relationship with respect to the position of the mover. By using a discrete wavelet filter the output waveform is smoothened. The detent thrust is compensated by using the adaptive feed forward thrust compensator corresponding to the position of the mover.
II. DYNAMIC MODEL OF PMLSM
The mathematical analysis of a Permanent Magnet Linear Synchronous Motor (PMLSM) is a key factor in the development of a motor control system.
The d-q voltage equations of a PMLSM in the synchronous rotating frame are [12] : The mechanical thrust equation considering the detent thrust is represented as [13] :
where M is the total mass of the mover, B is the damping coefficient, v r is the mover mechanical velocity, F d is the detent force which is a function of the mover position (x), F l is the external load thrust, and F r is the frictional thrust.
III. ANALYSIS OF DETENT THRUST
The thrust ripples in a PMLSM are due to the detent thrust. There are two major causes of the detent thrust. One is due to the attractive force between the armature core and the permanent magnet in the thrust-direction called the slot component. The other one is due to the finite length of the iron-cored armature called the end component. This detent thrust is independent of the primary current. Unfortunately, the detent thrust is quite difficult to model accurately.
A. Measurement of Detent Thrust
The detent thrust is measured by moving the motor at a constant velocity and recording the current output of the driving amplifier versus time. Knowing the velocity and the motor's thrust constant, the thrust versus position can be obtained by moving the motor at 200mm/s. This motor has a magnetic pitch of 40mm which leads to the periodic waveform shown in the Fig. 1 . The thrust plot is smoothened by using the wavelet transform.
B. Wavelet-based Smoothing
The measured value of the detent thrust is corrupted by noise during acquisition. Smoothening is used to remove the additive noise while retaining, as much as possible, the import signal characteristics, regardless of the frequency content [14] . The wavelet-based methods rely mainly on thresholding the Discrete Wavelet Transform (DWT) coefficients which have been affected by additive Gaussian noise. Thresholding is a simple non-linear technique which operates on one wavelet coefficient at a time. If the coefficient is smaller than the threshold, it is set to zero, otherwise the coefficient is kept as it is. Generally, smoothing removes high frequency components and retains low frequency components. Restoration is a kind of de-noising that tries to retrieve the original signal. Traditional smoothing filters such as mean, median and Gaussian filters are linear operators that are normally employed in the spatial domain wavelet. Wavelet-based de-noising is widely popular due to properties such as a multi resolution structure. Wavelet-based de-noising methods mostly employ nonlinear thresholding of the wavelet coefficients and image reconstruction.The standard thresholding of wavelet coefficients is governed mainly by either 'hard' or 'soft' thresholding functions, as illustrated in Fig. 2 . In hard thresholding, the wavelet coefficients below the threshold λ are made zero and the coefficients above this threshold are not changed. If (x, y) denote the input and the output then hard threshold T h (y, λ) is given by:
In soft thresholding it is given by:
In soft thresholding, the wavelet coefficients converge towards zero by the offset λ. Generally, soft thresholding generates fewer coefficients and preserves smoothness. The threshold choice plays a crucial role here.The universal threshold proposed by Donoho and John stone [15] is as follows: 
C. Analysis of the Detent Thrust Using Wavelet-Based Smoothing
The detent thrust is prominent at low speeds under the no load condition of high performance PMLSM drives. Therefore, the detent thrust is investigated at 20mm/s and under the no load condition. Here, a 4-level asymmetric dyadic filter bank of 4-element Daubechies coefficient is used for smoothing the measured detent thrust. Since noise variance 
IV. CONTROL SYSTEM DESIGN
The main goal of the control algorithm in this paper is to control the current so that the thrust ripple is cancelled out. Thrust variations of very low frequency are normally eliminated by the speed control system. Thrust ripples of higher frequencies can be compensated by generating an inverse thrust component through appropriate modulation of the mover current. When the field oriented control method is used, the modulation of the mover current is function of the amplitude of the q-axis current component i q . In this paper, the proposed adaptive speed controller represented in the conventional two-loop structure for a motor drive is shown in Fig. 4 compensator block corresponding to the position of the motor. It is then added to the current i q to obtain the reference current i q *. The inner loop is the current controller which consists of a nonlinear controller by which the system's nonlinearity is canceled. In addition, a linear state feedback control law based on the pole placement technique where the integral of output error (IOE) is used. The output of the current controller determines the time duration of the switching vectors T 1 and T 2 of the space vector based PWM voltage source inverter.
A. Design of the Outer Loop PI Controller
The output of the PI controller is the reference thrust 
where, e is the desired value of the damping ratio, and n w is the desired value of the natural frequency.
B. Reference current generator
Reference current is obtained using Field Orientation Control (FOC) by setting the power factor angle to be equal to the torque angle, which results in complete decoupling between the armature flux and the field flux.
In FOC, since the d-axis current d i * = 0, the electrical thrust is:
The thrust is a function of the q axis current q i . The reference current is:
where, f K is the thrust constant in N/A. 
C. Detent Thrust Compensator
The thrust ripple compensation block is shown in the dashed region of proposed control block diagram in Fig.4 . The detent thrust F d is a position dependent function. A lookup table is used to determine the detent thrust online depending on the position of the mover as derived in Fig. 3 . The q-axis compensating current corresponding to the detent thrust extracted by wavelet analysis is obtained as shown in Fig. 5 .
The thrust ripple compensation block gives a predictive compensating q-axis current i qc to cancel out the thrust ripples at every instant of the mover position (x) .
V. SPACE VECTOR MODULATION
The Space Vector Modulation (SVM) method is the most advanced, computation intensive PWM method. It is also the best among all of the PWM techniques for controlling high dynamic performance machine drives. At low speeds the SVM method with zero voltage vectors at the beginning, middle and end of the carrier cycle minimizes the current ripple and hence the thrust ripple.
The d-axis and q-axis control voltage from the PMLSM controller gives the magnitude of the voltage phasor, its angle and the sector in which the phasor resides at that instant. The time duration of the switching vectors T 1 and T 2 is calculated for n sectors as follows: 
VI. EXPERIMENTAL SETUP
To implement the proposed control scheme, an experimental test was carried out. It is composed of:
· A PMLSM with a rated thrust of 154N · A static power electronics converter comprised of a diode rectifier and a three-leg voltage source IGBT inverter. · Linear incremental encoder (magnetic type) · Hall effect current sensors Model LTS 6.
The proposed adaptive controller algorithm is programmed using MATLAB/Simulink and downloaded into a dSPACE DS-1104 control board which is equipped with a TMS320C240 16-bit DSP processor. The DSP acts as a slave processor and provides the necessary digital input/output (I/O) ports and powerful timer functions such as input capture, output capture, and pulse width modulation (PWM) waveform generation. The output control signals of the slave I/O PWM are of TTL level 5V.
The power circuit for the drive consists of an IGBT based voltage source inverter with an opto-isolation and gate driver circuit. A sampling period of 100μs is selected and the IGBTs are switched at a frequency of 10 kHz with a dead time of 20μs. The actual motor currents are measured by LEM Hall-effect sensors (model LTS6), which have a good frequency response and are fed to the dSPACE board through the A/D converter. The mover speed and position are measured by a magnetic linear incremental encoder. They are then fed to the dSPACE board through an encoder interface. The encoder generates the pulses per revolution. A 24-bit position counter is used to count the encoder pulses and it is read by a calling function in the software. The motor speed is calculated from the mover position by backward difference interpolation. 
VII. SIMULATION AND EXPERIMENTAL RESULTS
In order to check the validity of the implementation of the adaptive observer based controller for PMLSM drives using dSPACE DS-1104 control board some simulation and experimental works have been performed on a PMLSM with the specifications shown in the appendix.
A. Simulation Results
The performance of the control strategy under the no load condition both without and with compensation of the detent thrust is observed. Fig. 8 shows the reference current i q * , at 2 sec (point of compensation). It can be seen that the reference current is increased which in turn counteracts the detent force ripples caused by the PMLSM. Fig. 9 and Fig. 10 show the simulation results while Fig. 14 experimental results of the motor speed at 0.2m/sec and the thrust with detent thrust compensation at 2 sec. Fig.16 shows the motor thrust without compensation.
B. Experimental Results
The DS1104 Controller Board is designed for the development of high-speed multivariable digital controllers and real-time simulations. It is a real-time control system based on the Power PC604e processor. For advanced I/O purposes, the board includes a slave-DSP subsystem based on the Texas Instruments TMS320F240 DSP microcontroller. For the purpose of Rapid Control Prototyping (RCP), specific interface connectors and connector panels provide easy access to all of the input and output signals of the board. Fig 11 shows the current sensor interface & Fig. 12 shows the encoder interface to DS1104 control board. The control structure is programmed in the Simulink graphical model and implemented by Real-Time Interface (RTI) on the DS1104 Controller Board. The PMLSM control is implemented in three tasks containing the I/O and two control layers. The measure task is directly triggered by the PWM interrupt of the TMS320F240. This closely connects the task cycles of the TMS320F240 and the PowerPC 603e to avoid jitters. It works at a PWM frequency of 10 kHz.
VIII. CONCLUSIONS
This paper introduces a simple method to reduce the thrust ripples in permanent magnet linear synchronous motors. The thrust ripple of the PMLSM is measured experimentally. Then it is analyzed using wavelet filters. The thrust ripple exhibits a periodic relationship with respect to the position of the mover relative to the stator magnets. It is observed that by using the adaptive feed forward detent thrust current compensator the thrust ripple of the PMLSM is reduced 65%. Without compensation the peak to peak value of the detent thrust was 28N and after compensation it was reduced to 10N. From the simulation and experiment outputs it can be concluded that the effect of the detent thrust is minimized drastically by using the proposed adaptive controller. 
